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ABSTRACT
Sedimentary basin fills along the windward flanks of orogenic plateaus are valuable archives 

of paleoenvironmental change with the potential to resolve the history of surface uplift and 
orographic barrier formation. The intermontane basins of the southern Central Andes con-
tain thick successions of sedimentary material that are commonly interbedded with datable 
volcanic ashes. We relate variations in the hydrogen isotopic composition of hydrated volcanic 
glass (dDg) of Neogene to Quaternary fills in the semiarid intermontane Humahuaca Basin 
(Eastern Cordillera, northwest Argentina) to spatiotemporal changes in topography and asso-
ciated orographic effects. dD values from volcanic glass in the basin strata (–117‰ to –98‰) 
show two main trends that accompany observed tectonosedimentary events in the study area. 
Between 6.0 and 3.5 Ma, dDg values decrease by ~17‰; this is associated with surface uplift in 
the catchment area. After 3.5 Ma, dDg values show abrupt deuterium enrichment, which we 
associate with (1) the attainment of threshold elevations for blocking moisture transport in the 
basin-bounding ranges to the east, and (2) the onset of semiarid conditions in the basin. Such 
orographic barriers throughout the eastern flanks of the Central Andes have impeded mois-
ture transport into the orogen interior; this has likely helped maintain aridity and internal 
drainage conditions on the adjacent Andean Plateau.

INTRODUCTION
Over the past decades, reconstructions of 

surface uplift of the world’s orogenic plateaus 
have played a pivotal role in assessing the rela-
tive importance of mantle dynamics and crustal 
and/or lithospheric shortening and thickening 
in shaping the topography of our planet (e.g., 
Allmendinger et  al., 1997; Garzione et  al., 
2006). However, deconvolving how the com-
plex interactions among surface uplift, atmo-
spheric circulation, and orographic rainfall af-
fect paleoaltimetric reconstructions remains a 
key challenge for many approaches, including 
stable isotope studies, which have been among 
the most prominent methods applied in the Cen-

tral Andes (e.g., Garzione et  al., 2006; 2008; 
Quade et al., 2007). One promising method to 
help disentangle the complex tectono-climatic 
relationships is to focus on the surface-elevation 
history of plateau bounding margins, because 
it is challenging to deduce the relative roles of 
surface uplift and changes in atmospheric pat-
terns from orogen interior stable isotope records 
alone (e.g., Mulch et al., 2010).

The Andean Altiplano-Puna Plateau is the sec-
ond largest Cenozoic orogenic plateau on Earth, 
with an average altitude of 3.7 km, low internal 
relief, high and deeply incised flanks, and pro-
nounced climatic gradients across the orogen 
(Fig. 1A; Isacks, 1988). The eastern, windward 

margin of the plateau has high precipitation and 
denudation rates that are in contrast to the semi-
arid to arid conditions and low denudation rates 
in the orogen interior and along the western pla-
teau margin (Rech et al., 2006; Bookhagen and 
Strecker, 2008, 2012). Despite extensive stable 
isotope studies, the timing and style of uplift of 
the Andean Plateau and its eastern margin (East-
ern Cordillera) remain controversial (e.g., Garzi-
one et al., 2006, 2008; Ehlers and Poulsen, 2009; 
Mulch et al., 2010). However, knowledge of the 
spatiotemporal development of topography along 
the eastern Andean flanks is crucial to understand 
changes in precipitation characteristics over time 
as well as associated changes in erosion rates and 
the depositional style of basin fills. In northwest-
ern Argentina and southern Bolivia, the timing 
of uplift and exhumation has been inferred using 
low-temperature thermochronology (e.g., Deek-
en et  al., 2006), paleoenvironmental and prov-
enance data obtained from basin fills (e.g., Starck 
and Anzótegui, 2001; Mazzuoli et al., 2008; Hain 
et al., 2011; Pingel et al., 2013; Galli et al., 2014), 
or oxygen (d18O) and carbon (d13C) isotope data 
from calcic paleosols (e.g., Mulch et al., 2010). 
Often, however, precise timing of these events 
and their regional correlation has been limited by 
poor chronological constraints.

Here we evaluate topographic growth along 
the plateau margin using hydrogen isotope 
ratios of hydrated volcanic glass (dDg) from the 
intermontane Humahuaca Basin in northwest-
ern Argentina (Fig. 1). The basin’s deformed 
strata lack continuous sedimentary sections, 
but they contain abundant datable volcanic ash 
horizons that provide high-resolution chrono-
logic constraints. We report dDg values on 17 
glass samples from dated volcanic ashes (Table 
DR1 in the GSA Data Repository1) to provide 
insights into patterns of range uplift and the as-
sociated evolution of paleoenvironmental condi-
tions in the southern Central Andes.

GEOLOGICAL SETTING
The Humahuaca Basin is located between 

23°S and 24°S in the Eastern Cordillera (Fig. 1). 
To the west, the Sierra Alta ranges separate the 
basin from the arid, high-elevation Andean 

1GSA Data Repository item 2014256, stratigraphy, 
stable isotope analyses of volcanic glass and modern 
water, and 40Ar/39Ar dating, is available online at www​
.geosociety​.org​/pubs​/ft2014​.htm, or on request from 
editing@​geosociety​.org or Documents Secretary, 
GSA, P.O. Box 9140, Boulder, CO 80301, USA.
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Figure 1. A: Morphotectonic map of southern Central Andes showing mean annual rainfall 
derived from National Aeronautics and Space Administration Tropical Rainfall Measurement 
Mission (after Strecker et al., 2007) and main moisture transport (white arrow) to the study 
area (black box). EC—Eastern Cordillera, SFTB—Subandean fold-thrust belt; SBS—Santa 
Barbara system. B: Digital elevation model with sample locations of volcanic ashes (white) 
and modern water (black) in Humahuaca catchment (dashed line).
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Plateau, and to the east, the Tilcara ranges delin-
eate the boundary with the humid sectors of the 
broken foreland (Santa Barbara system; Figs. 
1 and 2D). Thermochronologic and sedimen-
tologic evidence shows that widely distributed 
deformation within the area that now constitutes 
the plateau and its present-day eastern margin 
started in Eocene–Oligocene time (e.g., Deeken 
et al., 2006; Hongn et al., 2007). During the Mio-
cene–Pliocene, deformation was focused on the 
Eastern Cordillera and Santa Barbara system, 
where the formerly contiguous Andean foreland 
was compartmentalized (e.g., Deeken et  al., 
2006). While apatite fission-track thermochro-
nology reveals that the Sierra Alta was exhumed 
rapidly beginning ca. 15–10 Ma (Deeken et al., 
2005), Pliocene drainage reorganization within 
the Humahuaca Basin suggests surface uplift in 
the Tilcara ranges and foreland fragmentation 
by ca. 4.2 Ma (Pingel et al., 2013).

The Humahuaca Basin exposes late Mio-
cene–Pliocene sandstones and conglomerates of 
the Maimará Formation, which unconformably 
overlie older units. Puna-derived ignimbrite 
clasts and paleocurrent directions both indicate 
fluvial connectivity between the orogen interior 
and the foreland across the present-day basin-
bounding ranges (Fig. 2D; Pingel et al., 2013). 
Interbedded freshwater deposits suggest gener-
ally humid conditions at that time (Pingel et al., 
2013). While in the south these sedimentary 
rocks are overlain by the conglomeratic Tilcara 
Formation (4.2–1.5 Ma; Pingel et al., 2013), the 
northern part of the basin is characterized by 
sandstones of the fossiliferous Uquía Formation 
(ca. 3.5–1.5 Ma; Reguero et  al., 2007). Mam-
mal fossil assemblages in the Uquía Formation 
suggest more humid conditions until ca. 2.5 Ma 

(Reguero et al., 2007). Axial north-south drain-
age conditions and the absence of ignimbrite 
clasts document that the basin-bounding ranges 
on either side of the basin had attained suffi-
cient elevation to interrupt fluvial connectivity 
between the plateau, the basin, and the foreland 
by ca. 4.2 Ma (Pingel et al., 2013). The entire 
Tertiary sequence is deformed, eroded, and un-
conformably overlain by multiple generations 
of thick Quaternary fill units that were episodi-
cally deposited and subsequently partly eroded, 
as a consequence of fluctuations in tectonic 
activity, climate, and associated local drainage 
conditions (Tchilinguirian and Pereyra, 2001; 
Strecker et al., 2007; Pingel et al., 2013).

STABLE ISOTOPE PALEOALTIMETRY 
AND HYDROGEN ISOTOPE ANALYSIS

Stable isotope paleoaltimetry benefits from a 
systematic relationship between d18O and dD of 
meteoric water and elevation (e.g., Dansgaard, 
1964). Various terrestrial materials incorporate 
meteoric water by mineral-specific isotope frac-
tionation, preserving a signal of the original 
isotopic composition of meteoric water. In con-
tinental settings, rhyolitic glass may incorporate 
large amounts of meteoric water (3–8 wt%), 
saturating ~5–10 k.y. after deposition (Friedman 
et  al., 1993; Mulch et  al., 2008; Cassel et  al., 
2012; Dettinger, 2013). This process occurs sys-
tematically, whereby the final dDg represents an 
integrated signal of the meteoric water present 
during hydration that is preserved over geologi-
cal time scales, allowing for reconstructions of 
paleoenvironmental conditions (e.g., Friedman 
et  al., 1993; Mulch et  al., 2008; Cassel et  al., 
2012) and to examine feedbacks between tec-
tonic processes and climate (this study).

We analyzed 17 volcanic glass samples 
from ash beds in late Miocene to Pleistocene 
sediments of the Humahuaca Basin, from ele
vations between 2350 m and 2900 m (Fig. 1; 
Table DR1 in the Data Repository). Our age 
model relies on new 40Ar/39Ar biotite ages, 
stratigraphic correlation (Fig. DR1), and previ-
ously obtained radiometric ages. To compare 
ancient dDg with modern meteoric water, we 
converted dD of 6 stream waters from eleva-
tions between 2530 m and 2930 m into glass-
hydrogen isotopic composition (Table DR3; 
Friedman et al., 1993; for details, see the Data 
Repository).

RESULTS
The dDg values of all samples range between 

–98‰ and –117‰ (Table DR1), except for one 
sample (08HUM03) with an anomalously high 
dDg value (–83‰), which was excluded from 
further interpretation. dDg values form two dis-
tinct trends (Fig. 2A): (1) from 6.0 to 3.5 Ma, 
average dDg values decrease by ~17‰, showing 
high variability, and (2) after 3.5 Ma, dDg values 
are significantly higher (–105‰ to –100‰) and 
relatively stable over time. Present-day stream-
water dD values would be in equilibrium with 
an average dDgc value of –94‰ (Fig. 2A; Table 
DR3; for details, see the Data Repository).

OROGRAPHIC BARRIER FORMATION 
AND PLATEAU EXPANSION

There are various potential causes for changes 
in dDg values.

1. Although dD of meteoric water is largely 
coupled to air temperatures during condensa-
tion and rainfall, global climate reconstructions 
show no major cooling trends (e.g., Zachos 
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Figure 2. A: dD of volcanic glass (blue circles) and mean modern water (purple square) converted to glass composition (Friedman et al., 
1993). Red line depicts mean trend between 6.0 and 3.5 Ma. V-SMOW—Vienna standard mean ocean water. B: Generalized stratigraphy with 
selected ash layers and age estimates (in Ma; Qt—Quaternary gravels) and paleocurrent estimates from each stratigraphic unit. C: Paleo
climate estimates and uplift history as documented by Pingel et al. (2013). S.—Sierra. D: Conceptual model of basin-and-range development, 
showing drainage reorganization and shift in orographic rainfall.
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et al., 2001) that would explain the initial de-
crease in dDg values.

2. An alternative way to lower regional tem-
peratures, and therefore dD values, is to increase 
elevations, which undoubtedly occurred over 
the past 6 m.y. (Pingel et al., 2013). The surface 
uplift that could explain the initial decrease in 
dDg can be quantified. However, various as-
sumptions, combined with large uncertainties, 
may render these estimates insignificant (see the 
Data Repository).

3. Another possibility is that changing water-
vapor sources influenced dD in precipitation. 
The present-day moisture sources in north-
western Argentina are the Atlantic Ocean and 
the Amazon Basin (Vera et  al., 2006). A shift 
from the only other potential source in the past 
(southeast Pacific Ocean) to present-day condi-
tions may have been related to mountain building 
to the west and likely occurred prior to 10 Ma 
(Insel et al., 2012). It is therefore unlikely that the 
moisture source for this sector of the Andes has 
changed significantly since the late Miocene.

4. The isotopic signature of hydrated glass 
may be altered by burial heat (Dettinger, 2013); 
this is an unlikely scenario because the sediment 
thickness in the study area barely exceeds 1 km.

5. Rainfall amount negatively correlates with 
dD and d18O of precipitation during rainout 
(Dansgaard, 1964), which becomes relevant 
when threshold elevations along uplifting moun-
tain ranges are attained (Insel et al., 2012). Be-
cause the Sierra Alta underwent deformation by 
ca. 15–10 Ma, it is likely that the initial decrease 
in dDg is in part related to this amount effect.

6. In arid climates D-enriched dD values in 
hydration water may result from enhanced evap-
oration either during subcloud evaporation or 
soil-water formation (e.g., Quade et al., 2007). 
Our data show a rapid increase in dDg after ca. 
3.5–2.6 Ma (Fig. 2A) that occurs ~0.7–1.6 m.y. 
after the inferred onset of surface uplift in the 
present-day Tilcara ranges by 4.2 Ma (Pingel 
et al., 2013). We suggest that between ca. 3.5 
and 2.6 Ma, the Tilcara ranges developed suf-
ficient elevation to force enhanced precipitation 
along their eastern flanks, which subsequently 
led to increasingly dry leeward conditions.

In contrast, our modern water isotope data 
do not show signs of evaporation (Fig. DR3). 
However, considering that those samples were 
collected late in the rainy season (March), we 
do not expect a strong evaporation signal be-
cause evaporation and deuterium enrichment 
are commonly observed during the dry season 
(Fig. DR6). This may also explain why our dDgc 
values of modern water (–94‰) are higher than 
those of Pleistocene glass (–104‰; Fig. 2A), and 
highlight challenges when comparing stable iso-
tope data from different episodes in the past over 
which isotopic signals are integrated. Another 
explanation for this deviation may be related to 
inherent uncertainties in the empirical glass-frac-

tionation equation (e.g., non–temperature depen-
dent), which, in northwestern Argentina, may 
result in precisions of ±20‰ (Dettinger, 2013).

Observed trends in our data and the broad syn-
chronicity of isotopic change with tectonosedi-
mentary events in the Humahuaca Basin and the 
adjacent ranges suggest that changes in isotopic 
composition are related to topographic growth 
in the basin catchment. It is intriguing that the 
temporal discrepancy between initial surface 
uplift and drainage reorganization recorded in 
the basin sediments and the isotopic response 
is likely related to the attainment of threshold 
elevations in the Tilcara ranges by 4.2 Ma; 
currently high enough (4–5 km) to intercept 
easterly moisture-bearing winds and to cause 
semiarid conditions in the Humahuaca Basin.

These observations have critical implications 
for the climatic and sedimentary development of 
the Central Andes and orogenic plateau margins 
elsewhere. Synchronous with initial surface up-
lift in the Tilcara ranges at 4.2 Ma, the Sierra 
Alta gained sufficient elevation to trap sediment 
sourced in the plateau interior (expansion of the 
internally drained area; Fig. 2D; Pingel et  al., 
2013). Moreover, ongoing uplift of the Sierra 
Alta and the attainment of critical elevations 
of the Tilcara ranges between 3.5 and 2.6 Ma, 
associated with increased hinterland aridifica-
tion and low erosion rates in the lee of the Sierra 
Alta (e.g., Bookhagen and Strecker, 2012), must 
have helped to sustain internal drainage condi-
tions on the plateau. Similar observations from 
other intermontane basins along the Andean pla-
teau margin (e.g., Strecker et al., 2009) support 
the notion that generally eastward-migrating 
range uplift forces orographic precipitation to-
ward foreland areas, while the orogen interior 
increasingly aridifies. In addition, oscillating 
sedimentary filling and excavation episodes in 
these marginal basins may have buffered the 
overall tendency of the fluvial system to incise 
into the plateau.

Our findings suggest that the efficiency of 
orographic barriers strongly depends on the 
development of threshold elevations at which 
changes in precipitation impact stream power, 
erosion, and sedimentation due to reduced 
moisture supply into the orogen interior. As a 
consequence, such internally-drained, moisture-
starved regions are likely to trap large volumes 
of sediments (e.g., Sobel et al., 2003), ultimately 
forming extensive low-relief plateaus that may 
expand as crustal deformation and range uplift 
propagate outward. Similar positive feedbacks 
between tectonics and climate may contribute to 
lateral plateau expansion in the Chinese Qilian 
Shan or the northern Anatolian plateau.

CONCLUSIONS
We observe a systematic relation between 

tectonosedimentary events in the Humahuaca 
Basin and dD of volcanic glass contained in the 

sedimentary basin fill. Specifically, the initial 
decrease in dDg can be related to topographic 
growth, while hydrogen isotope ratios after ca. 
3.5–2.6 Ma likely reflect aridification by oro-
graphic barrier formation to the east. These 
results highlight the potential for isotopic stud-
ies of hydrated glass to decipher the history of 
topography in the Central Andes and other tec-
tonically and volcanically active regions, partic-
ularly when threshold elevations for orographic 
rainfall are attained. We show that in a generally 
eastward-migrating deformation regime in the 
southern Central Andes, orographic barriers in 
the Eastern Cordillera may help maintain internal 
drainage on the plateau, and that these processes 
may ultimately favor lateral plateau growth.
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